Human papillomaviruses (HPVs) are a heterogeneous group of small dsDNA viruses which cause a variety of proliferative epithelial lesions at specific anatomical sites. Although more than 65 different virus types have been cloned and characterized, no uniform classification system exists. In order to classify HPV DNA types, phylogenetic trees were constructed based on nucleotide sequence alignments using parsimony and distance matrix algorithms. The resulting phylogenetic trees provide a classification of the HPVs into specific groups encompassing the known tissue tropism and oncogenic potential of each HPV type. The implications of a phylogenetie taxonomy on the diagnostic detection of HPVs and the concept of different HPV species are discussed.
Introduction
It was assumed until recently that all infectious wart-like lesions in humans were caused by a single papillomavirus infecting different anatomical sites. With the cloning of more than 65 different human papillomaviruses (HPVs), it became evident that specific HPV types cause anatomically distinct diseases (de Villiers, 1989) .
The biological manifestations attributed to HPVs are manifold and are of interest to an unusually wide range of clinicians and laboratory scientists. HPVs can cause benign lesions such as common, fiat or plantar warts (Grussendorf-Conen, 1987) ; genital HPV infection, including condyloma acuminatum, is now recognized as the most common sexually transmitted disease (Centers for Disease Control, 1983; Oriel, 1990) ; laryngeal papillomas are often recurrent and can become sufficiently large to cause airway obstruction and death (Kashima & Mounts, 1987) ; oral focal epithelial hyperplasia (morbus Heck), oral condylomata, inverted nasal papillomas and conjunctival papillomas have also been shown to be HPV-related (Syrj/inen, 1987) .
Much of the current interest in papillomavirus research can be attributed to the recent association of HPVs with premalignant and malignant epithelial lesions. This association was first recognized in epider-1 Present address: Oncology and Immunology Research Department, Medical Research Division, Lederle Laboratories, Pearl River, New York 10965, U.S.A. modysplasia verruciformis (EV), a rare hereditary cutaneous disorder with an increased susceptibility to infection by a diversity of HPVs. Skin carcinomas develop in about one-third of these patients (Orth, 1986; Orth et al., 1979) . The association between specific HPV types and invasive anogenital cancer and its precursor lesions has been extensively documented (zur Hausen, 1991) . In addition, the E6 and E7 genes of HPV types predominantly found in cancer (i.e. 'high-risk') have been shown to immortalize keratinocytes (Barbosa et al., 1989) , and their products bind to the p53 tumour suppressor protein and the retinoblastoma gene product, respectively (Dyson et al., 1989; Scheffner et al., 1990) .
In the absence of a serological classification, HPVs have been typed according to their genotype (i.e. new papillomavirus isolates have been defined as independent types when they exhibit less than 50~ crosshybridization with previously typed HPVs by reassociation kinetics) (Coggin & zur Hausen, 1979) . A classification scheme based on cross-hybridization data introduced by Pfister (1990) , which subdivided the HPVs into more than 20 groups, has proved impractical with the cloning of more than 65 papillomaviruses.
The introduction of the consensus primer-mediated polymerase chain reaction has enabled the detection and rapid sequencing of an even broader spectrum of HPV genotypes (Manos et al., 1989; Snijders et al., 1990) .
Methods
Phylogenetic trees. Two independent analytical methods were used to construct phylogenetic trees.
(i) Maximum parsimony phylogenetics. Maximum parsimony algorithms search for the minimum number of genetic events (nucleotide substitutions or amino acid changes) to infer the most parsimonious tree from a set of sequences. The phylogenetic trees were generated with the software package PAUP 3.0 (Phylogenetic Analysis Using Parsimony), developed by Swofford (1991) , using the heuristic search option with random stepwise addition of sequences (100 replications, holding five trees at every step), and 'nearest neighbour interchange' branch swapping. Two other branch swapping or rearrangement algorithms ('subtree pruning-regrafting' and 'tree bisection-reconnection') failed to identify more parsimonious trees.
(ii) Distance matrix analysis. Distance matrix methods convert sequence data into a set of discrete pairwise distance values. Each pairwise similarity score was computed as the number of exactly matching characters in an optimal alignment, minus a fixed penalty for every gap, using the heuristic algorithm of Wilbur & Lipman (1983) . The topology of the phylogenetic tree was resolved by clustering the most similar sequences according to the unweighted pair group maximum average (UPGMA) analysis (Sokal &Sneath, 1963) , executed with the CLUSTAL option (Higgins & Sharp, 1988) in PC/GENE version 6.6 (Intelligenetics). Horizontal branch lengths in UPGMA-derived trees are not to scale and therefore do not metrically represent evolutionary change.
Nucleotide sequence data. The HPV E6 genes or complete genomes used in the alignments were obtained from the EMBL and GenBank computer databases. The references and accession numbers are: HPV-1 (Danos et al., 1982; V01116) ; HPV-14, -20, -21 and -25 (Kiyono et al., 1992; D90261, D90262, D90263 and D90264) ; H PV-5 (Zachow et al., 1987; M22961) ; HPV-47 (Kiyono et al., 1990; M32305); HPV-8 (Fuchs et al., 1986; M12737) ; HPV-2 and -57 (Hirsch-Behnam et al., 1990; X55964 and X55965); HPV-6 (Schwarz et al., 1983; X00203) ; HPV-11 (Dartmann et al., 1986; M14119) ; HPV-13 (van Ranst et al., 1992; X62843) ; HPV-43 and -44 (Lorincz et al., 1989 a) ; HPV-42 (Philipp et al., 1992; M73236) ; HPV-16 (Seedorf et al., 1985; K02718) ; HPV-35 (Marich et al., 1992; M74117) ; HPV-31 (Goldsborough et al., 1989; J04353) ; HPV-52 (Shimoda et al., 1988) ; HPV-33 (Cole & Streeck, 1986 ; M12732); HPV-58 (Kirii et al., 1991 ; D90400); HPV-51 (Lungu etal., 1991 ; M62877) ; HPV-56 (L6rinczetal., 1989b) ; HPV-18 (Cole et al., 1987; X05015) ; HPV-45 (Naghashfar et al., 1987; M27363) ; HPV-39 (Volpers & Streeck, 1991 ; M38185) ; ME180 (Reuter et al., 1991 ; M73258) .
Results
Sequence alignment and phylogenetic analysis of the E6 region (i) Maximum parsimony analysis An optimal sequence alignment, critical in the generation of valid phylogenetic trees, was assembled using the amino acid sequence of the E6 genes of 28 HPVs (Fig. 1) . Owing to the redundancy of the genetic code, amino acid sequences are more conserved than nucleotide sequences, allowing a more accurate alignment, Although the primary E6 protein sequences are remarkably divergent, all sequenced HPVs contain four copies of a Cys-X-X-Cys motif spaced at regular and invariant intervals, as shown in the boxed regions of Fig. 1 . These motifs and other conserved residues allow an unambiguous alignment of the sequences over 128 amino acids, starting with a conserved aliphatic residue (I, L or V) and ending with a conserved cysteine. Converting the protein sequence into the corresponding nucleic acid sequence resulted in a 384 bp alignment without gaps, which was used for construction of phylogenetic trees using PAUP 3.0 (Swofford, 1991) .
The branching pattern of the most parsimonious phylogenetic tree served to cluster different HPVs into groups corresponding to their known tissue tropism and oncogenic potential (Fig. 2) . The first major branch (A) consists of viruses that infect the skin. From this branch, one group (I) corresponds to HPV-1, found in skin warts, and a second group (II) corresponds to the EV types. HPV-14, -20, -21 and -25 form one subgroup (IIa), and HPV-5, -47 and -8 form a second subgroup (lib). HPVs in the first subgroup are found only rarely in malignant EV lesions, whereas viruses in the second subgroup have been identified frequently in EV-related skin cancers (Orth, 1986; Kiyono et al., 1992) . The second major branch (B) groups HPVs which primarily infect mucous membranes. An intermediate group (III) consists of HPV-2 and HPV-57. These viruses have been found in papillomas in both the oral mucosa and the skin, causing verruca vulgaris in the latter (Hirsch-Behnam et al., 1990) . The papiUomaviruses in the other group (IV) predominantly infect the genital and/or oral mucosae. One subgroup (IVa) comprises , and is associated with benign genital condylomata and low grade cervical intraepithelial neoplasia (CIN). HPV-13, a virus involved in oral focal epithelial hyperplasia (Heck's disease), has also been identified in Regions of the HPV genome aligned and utilized for construction of the phylogenetic tree in Fig. 5 . The HPV ORF map is based on the analysis of the HPV-6 genome (Schwarz et at., 1983 (
ii) Distance matrix analysis
To test the validity of the maximum parsimony phylogeny of the HPV E6 sequences, a distance matrix approach (UPGMA) was applied on the same data set, generating the tree shown in Fig. 3 . In general, the UPGMA tree has the same topology as the PAUP tree (compare Fig. 2 and Fig. 3) , with occasional differences in terminal branching. The UPGMA tree clustered HPVs [(20, 21) ,14], [(6, 11), (13, 44) ] and [16, (35, 31) ], whereas the PAUP tree clustered HPVs [(20, 14) , 21], [(6, 11), 13, 44] and [(16, 35) , 31], respectively. None of these differences had any effect on the classification described for the maximum parsimony tree.
Phylogenetic analys& of a combined multiple ORF alignment
To investigate whether the phylogenetic trees obtained with the E6 alignment were representative of the molecular evolution of the whole HPV genome, amino acid sequence alignments were constructed for additional ORFs of 18 HPVs for which complete nucleotide sequences were available. A compilation was made of 14 stretches of 20 amino acids or more (totalling 1083 residues) which could be unambiguously aligned (Fig. 4) . The 3249 nucleotides (40% of the HPV genome) . Phylogenetic tree constructed from the alignment of 3249 nucleotides in the E6, E 1, E2, L2 and L1 genes of 18 HPVs using P A U P 3.0. To root the phylogenetic tree, bovine papillomavirus type 1 was used as an outgroup (not shown).
corresponding to the aligned amino acid sequences were used for the generation of phylogenetic trees with PAUP 3.0. (The data matrix was too large to use U P G M A in the CLUSTAL option of PC/GENE.) The most parsimonious phylogenetic tree for the 3249 bp of the 18 HPVs is shown in Fig. 5 . The tree had the same overall topology as both the PAUP tree and the U P G M A tree constructed for the E6 gene of the 28 HPVs (compare Fig. 5 with Fig. 2 and 3 ). The only difference was the position of HPV-51, which was more closely related to HPV-18 and -39 in the 3249 bp tree than in the E6 tree.
Discussion
Classification of HPVs has been problematic because neither serological typing nor propagation of the virus in vitro has been possible. Therefore, the detection and characterization of viral genomes in clinical specimens has required molecular hybridization with HPV probes. Based upon the significant molecular and epidemiological association between specific HPVs and malignant tumours, screening and typing of HPVs is not of mere academic interest, but appears likely to differentiate patients at a higher risk of developing cancer (Lorincz et aL, 1992; Lungu et al., 1992; Morrison et al., 1991) . Although further research on the correlation between the presence of different HPVs and disease prognosis is warranted, classification of HPVs into specific groups may contribute to the identification and clinical management of high-risk patients. With a rapidly growing number of HPV types being identified, a sound classification system will allow the clinician to assign a potential oncogenic risk to recently characterized or new viruses.
The small dsDNA genomes of HPVs are readily amenable to cloning and sequencing, allowing the application of computer-assisted numerical taxonomy to their classification. In this study, phylogenetic trees were constructed for the E6 genes of 28 HPVs, using two different analytical methods. The resulting phylogenetic trees accurately classified the HPVs into different clinically relevant groups, encompassing their previously reported tissue tropism and oncogenic potential. An advantage of this classification system is that it is derived solely from sequence data of distinct HPVs, and thus can be expanded as additional HPV types are sequenced. It is important to note that although the topology of a final phylogenetic tree for all HPVs will be similar to the one presented, additional branches with thus far unsequenced or unknown types may 'sprout' from the tree in the future.
Clinical studies conferring a relative risk estimate for the occurrence of a high grade intraepithelial lesion or invasive cervical cancer to different HPVs provide a biological confirmation of the phylogenetic division of the mucogenital HPVs into low-risk (IVa) and high-risk (IVb) groups ( Fig. 2 and 3) . In one recent multi-centre study, viruses in the low-risk group were found in 20~ of low grade CIN lesions, in 4~ of high grade lesions and never in invasive cancers. Viruses in the high-risk group were found in 39~o of low grade CIN, in 77~ of high grade CIN and in 91~ of cancers. HPV-16 is numerically the most important virus in the invasive cancers (47~o) (Lorincz et al., 1992) . In the mucogenital high-risk group (IVb), there is a distinct phylogenetic branch for HPV-18, -45 and -39. These HPVs have been detected in a disproportionately high percentage of rapidly progressive invasive cervical carcinomas. HPV-18-containing carcinomas are generally found in younger patients, and tend to have higher recurrence rates and a poorer prognosis than HPV-16-containing cancers (Barnes et al., 1988; Kurman et al., 1988; Franquemont et al., 1989; Lorincz et al., 1992) . HPV-18 has also been preferentially associated with endocervical adenocarcinomas (Wilczynski et aL, 1988) . In addition, HPV-18 and -45 DNAs have been found integrated into the genome of cancer cells more frequently than HPV-16, -31 or -35 DNAs (Cullen et al., 1991) .
The phylogenetic classification of the mucogenital group (IV) into low-risk OVa) and high-risk (IVb) HPVs is further supported by experimental findings that show that the E6/E70RFs of HPV-16, -31, -33 and -18 have an increased potential to immortalize and transform primary human foreskin or cervical epithelial cells compared to HPV-6 and -11 (Schlegel et al., 1988; Storey et al., 1988; Pecoraro et al., 1989; Woodworth et al., 1989; Vousden, 1990; Barbosa et al., 1991) . Although the E6 proteins of both have been shown to associate with the cell-encoded tumour suppressor protein p53 in vitro, only the E6 proteins of the high-risk viruses are subsequently able to direct p53 degradation via the ubiquitin-dependent protease system (Scheffner et al., 1990; Crook et al., 1991 a, b) .
The phylogenetic tree places the HPVs associated with EV in a separate group (group II). In this branch, there is a cluster with , and a cluster with HPV:14, . More than 20 HPV types have been detected in benign EV lesions, but only HPV-5 and -8 have been consistently found in EVrelated malignancies (Orth et al., 1986; Deau et al., 1991) . In transformation assays in rodent cell lines, the E6 genes of HPV-5, -8 and -47 have been found to have a more potent transforming activity than those of HPV-14, -20, -21 and -25 (Iftner et al., 1988; Kiyono et al., 1989) .
HPVs are generally specific for either skin or mucosa. Exceptions to this strict cutaneous versus mucosal classification are HPV-2 and HPV-57, which display a broad anatomical tropism (Hirsch-Behnam et aL, 1990) . In the phylogenetic tree, these two viruses form an independent group which occupies an intermediate position (group III) between the cutaneous viruses (groups I and II) and the mucosal viruses (group IV).
Cutaneous HPVs, associated with skin warts (group I) or EV (group II), are rarely, if ever, found in the genital tract, and HPVs from the low-risk or high-risk mucogenital group (groups IVa and IVb) are usually not found in cutaneous lesions (Grussendorf-Conen, 1987) . A notable exception is the presence of HPV-16 in digital periungual squamous cell carcinomas (Moy et al., 1989; Ostrow et al., 1989) . Squamous cell neoplasms from cutaneous sites other than the finger have yet to reveal the presence of HPV-16 DNA (Eliezri et al., 1990; Kawashima et al., 1990; Dyall-Smith et al., 1991) . Guitart et al. (1990) have reported the detection of HPV-16 DNA in a squamous cell carcinoma of the finger and in a cervical neoplasm in the same patient. These data suggest the digital transmission of HPV-16 from a mucogenital lesion to the nail bed region.
Although found nearly exclusively in benign lesions, low-risk HPVs have occasionally been detected in malignant lesions. Although HPV-6 and HPV-11 have been detected in Buschke-Lowenstein tumours, these lesions histologically resemble benign condylomata acuminata (Dawson et al., 1965; Boshart & zur Hausen, 1986) . Vulvar carcinomas occasionally contain HPV-6 and -11, however in half of these cases HPV-16 and/or HPV-18 have also been detected (Sutton et al., 1987) . In the upper aerodigestive system, HPV-6 and -11 are most commonly associated with laryngeal papiUomatosis (Terry et al., 1987; Mounts et al., 1982) . Very rarely, squamous cell carcinomas can arise in pre-existing laryngeal papillomas after a long latency period. Surprisingly, most of the HPV-positive laryngeal carcinomas contain HPV-16 (Hoshikawa et al., 1990; Perez-Ayala et al., 1990; McCuUough & McNicol, 1991) , but the malignant progression of laryngopharyngeal lesions containing HPV-6 or-11 has also been reported (Zarod et al., 1988; Lindeberg et al., 1989) . However, duplications and insertions are often found in the upstream regulatory region (URR) of low-risk HPVs present in high-grade lesions (Boshart & zur Hausen, 1986; Rando et al., 1986a; Kasher & Roman, 1988; DiLorenzo et al., 1992) . Such URR rearrangements have been shown to display enhanced transcriptional activity (Rando et al., 1986b; Rosen & Auburn, 1991) . Therefore, one may conclude that sequence rearrangements are necessary to confer deregulated growth properties and malignant potential to viruses otherwise associated with benign tumours.
The species concept in virology has been debated extensively throughout the last decade (Van Regenmortel, 1990) . Recently, the use of computer-assisted numerical taxonomy has gained wider acceptance among virologists (Kingsbury, 1988) , which impelled the International Committee on Taxonomy of Viruses (ICTV) in 1991 to adopt the definition of a virus species as 'a polythetic class of viruses that constitutes a replicating lineage and occupies a particular ecological niche', as formulated by Gorman (1984) and expanded upon by Van Regenmortel (1990) . This new species definition has so far not been applied to papillomaviruses, a genus in the family papovaviridae (Frisque, 1991) . A phylogenetic classification of the various HPV types will help elucidate the relationship between HPV types and HPV species. The phylogenetic tree illustrates, for instance, that low-risk mucosal HPVs (-6, -11, -13, -42, -43 and -44) , which replicate in orogenital keratinocytes (i.e. occupy a particular ecological niche), are unified by a single branch indicative of a common ancestor (i.e. generated through a replicating lineage). A strict application of the new ICTV species definition would group these low-risk mucosal HPV types as a single species. As more individual HPV genomes are cloned and sequenced, the academic definition of what constitutes a new HPV type or subtype may take secondary importance to the phylogenetic definition of an HPV species. A classification system to describe the relationship between discrete identifiable entities in a continuum of biologically evolving HPVs will have implications for the conceptualization of general strategies for diagnostic detection of HPVs, vaccine development, basic molecular virological research and speciation models.
